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In this paper, we have found a family of intermetallic compounds YMn12-xFex (x 
= 6.6-8.8) showing a bulk form of tunable giant exchange bias effect which arises 
from global interactions among ferromagnetic (FM) and antiferromagnetic 
(AFM) sublattices but not the interfacial exchange coupling or inhomogeneous 
magnetic clusters. A giant exchange bias with a loop shift up to 6.1 kOe has been 
observed in YMn4.4Fe7.6 compound with the strongest competing magnetic 
interactions. In a narrow temperature range, the exchange bias field shows a 
sudden switching off whereas the coercivity shows a sudden switching on with 
increasing temperature. This unique feature indicates that the inter-sublattice 
exchange coupling is highly homogenous, which can be perfectly interperated by 
our theoretical calculations. 
PACS number：75.50. Bb, 75.60.Ej, 75.30.Gw 
The exchange bias (EB), which usually refers to a shift of the hysteresis loop 
along the field axis in the exchange coupled ferromagnetic (FM)/antiferromagnetic 
(AFM) systems, is a phenomenon firstly discovered in Co/CoO nanoparticles in 1956 
[1]. The EB effect has significant impacts on the technological applications of data 
storage products, spintronic devices, permanent magnets, and many other devices 
[2-8].  
Extensive research has led to the notion that EB must originate from 
uncompensated interfacial spins that are pinned in the AFM and cannot be reversed by 
external field after a field cooling (FC) procedure through the Néel temperature (TN) 
of the AFM [9,10]. After the discovery of this effect in Co/CoO nanoparticles, 
investigations of the EB effects have been mainly focused on a large number of 
heterogeneous structures such as magnetic bilayers, core-shell nanoparticles, and FM 
nanoparticles embedded in an AFM matrix compounds [6-13]. The EB effects have 
also been observed in single phase bulk oxides and alloys with competing exchange 
interactions which always result in magnetic phase separations or spin glass state in 
these systems [14-19]. For example, a zero field cooling (ZFC) EB (ZEB) effect has 
been realized in Ni-Mn-In and Mn-Pt-Ga Heusler alloys [15-17]. The super spin glass 
(SSG) phase and the FM inclusions embedded in ferrimagnetic (FIM) ordering matrix 
were proposed to play key roles in Ni-Mn-In and Mn-Pt-Ga, respectively. It is 
obvious that they are all structurally single-phased bulk materials, but with multiple 
magnetic phases, which can give rise to EB effect by exchange couplings at the 
interfaces of different magnetic phases. Besides, EB has also been reported in 
YbFe2O4 system with exchange interaction taking place at low temperature between 
FM Yb3+ and FIM Fe2+/Fe3+ sublattices [20]. 
   The rare-earth intermetallics have been proven to be a fertile research area due to 
its fascinating physical properties including hard magnetic properties, giant 
magnetostriction effect, giant magnetocarloric effect, etc. [21-23]. Among them, Mn 
is the only 3d magnetic transition metal that stabilizes binary compounds of 
ThMn12-type structure (space group I4/mmm), leading to the highest metal to 
rare-earth ratio in the rare-earth intermetallic [24]. In RMn12 compounds, the Mn ions 
are coupled antiferromagnetically showing Néel temperatures around 100 K. The 
substitution of Fe for Mn in RMn12-xFex promotes ferromagnetic ordering [25]. The 
rare earths occupy the 2a sites while Fe/Mn atoms occupy three nonequivalent sites: 
8i, 8j and 8f (See supplementary Fig. S1), with strong site preferences with the 8i sites 
favoring Mn and the 8f sites favoring Fe atoms [26, 27]. The magnetic arrangements 
of the 3d sublattices are antiferromagnetic for x < 6; then transform progressively to 
more complex configurations of “FM + AFM” for 6 < x < 9; and finally to a purely 
ferromagnetic one for the iron-rich compounds (x = 9). Therefore, we consider the 
compound of RMn12-xFex as a single-phase magnet that consists of two kinds of 
magnetic sublattices: one is AFM structure and another is FM structure, mimicking 
that of an artificial FM/AFM superlattice. Thus, the EB effect could be realized in this 
system and could be easily tuned by the concentration of Fe element.  
In this letter, we found the existence of EB effect in rare earth transition metal 
compounds YMn12-xFex (x = 6.0-8.8) bulk alloys where the pinning phenomenon is 
caused by highly homogenous global interaction between FM-AFM sublattices. In 
YMn4.4Fe7.6, with the strongest competing magnetic interactions, the relatively high 
ordering temperature and low magnetic anisotropy in the AFM site lead to a very 
sharp switching characteristic of the EB effect far below the Neel temperature TN. 
Based on the inter-sublattice interactions, a theoretical model was established and was 
found to corroborate well with the experimental results. 
The polycrystalline YMn12-xFex (x = 6.0-8.8) bulk samples were prepared by arc 
melting of 99.9% pure materials in a purified argon atmosphere. An excess rare earth 
and manganese were added to compensate for their losses during melting. Then the 
ingots were annealed in an evacuated and sealed silica tube at 1000 °C for 5 days. The 
crystal and magnetic structures of these compounds were determined using the X-ray 
(XRD) diffraction with Cu-Kα radiation and neutron diffraction at various 
temperatures. The refinement of XRD and neutron diffraction indicates that the 
samples (x = 6.0-8.6) are a single phase with tetragonal ThMn12-type structure while 
YMn3.2Fe8.8 contains a small amount of Y(Fe,Mn)2 phase. Magnetization was 
measured using magnetic property measurement system (MPMS-7) and the physical 
property measurement system (PPMS). 
To characterize the magnetic properties of YMn12-xFex compounds, the 
temperature dependence of the magnetization (M-T) was measured. Fig. 1 shows the 
magnetic phase diagram of YMn12-xFex（6.0 ≤ x ≤ 8.8）under a magnetic field of 1 kOe 
according to the M-T data. It can be seen that most of the samples have three 
transition temperatures corresponding to Curie temperature (TC, blue circle), Neel 
temperature (TN, red triangle), and spin freezing temperature (Tf, black square), 
respectively. The TC monotonously increases whereas TN decreases with the increase 
of Fe content. Along with the temperature climbing, the samples experienced 
paramagnetic, ferromagnetic, antiferromagnetic, and glassy magnetic state changes 
for x > 7.6, and paramagnetic, antiferromagnetic, ferromagnetic, and glassy magnetic 
state changes for x < 7.6. Therefore, the ferromagnetic and antiferromagnetic 
exchange coupling effect becomes stronger at low temperature. The strongest 
competence between ferromagnetic and antiferromagnetic interactions can be 
expected at the crossing point of the TC and TN curves, which corresponds to the 
highest freezing temperature Tf. This suggests that the competence between 
ferromagnetic and antiferromagnetic interactions may lead to a large EB effect for the 
x = 7.6 sample. 
The Fe content dependence of EB effect in the YMn12-xFex alloys (6.0 < x < 8.8) 
was investigated. Table I listed the EB fields (HE) and coercivities (HC) of the 
YMn12-xFex alloys (6.0 < x < 8.8) under FC conditions, where HE and HC are defined 
as HE = − (HL + HR)/2 and HC = − (HL - HR)/2, respectively, with HL and HR being the 
left and right coercive fields. It was found that all of the samples show EB effect 
under FC condition. After 1 kOe FC procedure from the room temperature, the HE 
value increases with the decrease of Fe content and reaches a maximum of about 5.96 
kOe at x = 7.6, then decreases with further decrease of Fe content. The maximum HE 
corresponds to the strongest competing exchange interaction between the Fe and Mn 
sublattices. In addition, in the samples with x = 7.0 and 6.6, spontaneous EB effect 
with large coercivities was found under the ZFC condition and little difference of 
coercivity Hc was revealed between FC and ZFC conditions. 
Fig. 2 (a) displays the typical ZFC and FC magnetization curves for YMn4.4Fe7.6 
under applied field of 100 Oe. The ZFC curve exhibits two peaks at TN =163 K and Tf 
= 130 K, and there is a bifurcation between the ZFC and FC curves around Tf. The 
antiferromagnetic ordering of Mn (8i) magnetic sublattice occurs at TN ~ 163 K. There 
is another magnetic transition around 143 K (TC) due to the ferromagnetic ordering of 
magnetic moments at Fe (8f) and (8j) sites. Below 100 K, the ZFC magnetization 
drops with the decreasing temperature, indicating that the spontaneous interaction 
between Mn and Fe sublattices prefers an AFM configuration. As shown in Fig. 2(b), 
from the real part of ac susceptibility curve of YMn4.4Fe7.6, two distinct peaks can be 
observed (the arrows indicate the positions). One peak corresponds to the 
antiferromagnetic ordering temperature TN that does not change with frequency; the 
other peak corresponds to spin freezing temperature Tf that moves with increasing 
frequency to high temperature region. This indicates that the material has the 
characteristics of a spin glass due to the competing interactions among different 
magnetic sublattices. What makes the system interesting is that the inter-sublattice 
coupling is relatively weak compared to the cooling field and can be manipulated by a 
FC process under moderate magnetic fields. As shown in Fig. 2 (a), after cooling the 
sample in 100 Oe from 300 K, the FC magnetization goes up instead of dropping 
down below ~125 K, indicating a parallel alignment of two magnetic sublattices after 
FC. Thus, the relative orientation between Mn and Fe magnetic sublattices can be 
effectively manipulated by the FC process. Fig. 2 (c) shows the M-H hysteresis loops 
at 5 K for YMn4.4Fe7.6 with various cooling fields. The FC M-H loops shift left along 
H-axis with positive fields and shift right along H-axis with negative magnetic fields, 
while the ZFC M-H loop exhibits nearly symmetric coercive fields. The EB field HE 
reaches a giant value of 6.1 kOe with a cooling field of 50 kOe, much larger than EB 
fields reported before for rare earth-based intermetallics. 
We then studied the dependence of EB effect on the cooling field Hcool at 5 K. As 
shown in Fig.2 (d), HE increases rapidly with the increasing Hcool and nearly reaches 
its saturation value at Hcool = 1 kOe. With further increase of the cooling field, HE 
increases slightly and remains almost constant up to 50 kOe. This feature of cooling 
field dependence is different from that in the phase-separated oxides or spin glass 
systems where HE decays rapidly with high cooling magnetic fields due to the growth 
of the FM clusters or the melting of spin glass [14, 28-29]. This indicates that in 
YMn12-xFex, the metastable spin configuration is reasonably stable even against the 
applied magnetic field. The uniqueness of YMn12-xFex suggests that the observed 
giant EB may not be an interfacial coupling type resulting from phase separation or 
spin glass, two major mechanisms for the EB effect in single phase compounds and 
alloys that have been reported so far.  
To further investigate the giant EB effect, we studied the temperature 
dependence of EB under FC conditions. Fig. 3 shows the hysteresis loops of YMn4.4 
Fe7.6 alloy at various temperatures. The characteristics of the hysteresis loops reveal 
three types of changes with the increasing temperature: (I) in the range of 5-20 K, 
both branches of the hysteresis loop are coincides and show no significant variation 
with the temperature (in fig 3(a)); (II) in the range of 20-30K, the left branch of the 
loop shifts slightly to the left direction, while the right branch shifts quickly along 
x-axis to the right direction until a symmetric loop forms at about 30 K (in fig 3(a)); 
(III): both left and right branches gradually shift back to the original point (0,0) until 
they coincide with the temperature above 30 K (Fig. 3(b)). Under ZFC condition (see 
supplementary Fig. S2), when the temperature is less than 20 K, both branches of the 
hysteresis loop are coincides. With the increasing temperature, the coercivity first 
remains constant, then sharply rises to a maximum value at 25 K, and in the end 
decreases gradually.  
To analyze the impact of temperature on the EB effect, the temperature 
dependence of HL, HR, HC and HE are plotted in Fig 4. In the temperature range of 
5-20 K, both HL and HR take the value of about -6.1 kOe and remain almost constant. 
The values of HR alter abruptly from negative 5.8 kOe to positive 4.5 kOe in the range 
of 20-28 K, and then start to decrease with further increase of the temperature, while 
the HL decreases gradually after 25 K, and reaches zero at 150 K. In accordance to the 
changes of HL and HR, HE first maintains at about 6 kOe at T < 20 K, then decreases 
rapidly to -113 Oe at about 32 K, and nearly disappears at the blocking temperature 
TB = 40 K. The spin freezing temperature Tf (see fig. 2(a)) of about 120 K is well 
above the TB, suggesting that the EB effect is not related to the spin glass phase in this 
system. The HC shows a tiny value close to zero at T < 20 K, and increases abruptly 
after 20 K and reaches the maximum of 5 kOe at 28 K, and then decreases slowly to 
close to zero at 150 K. The sharp changes of HC and HE at around 25 K are related to 
the high homogeneity of the pining in this system, in which the large EB effect 
originates from the exchange interaction between different magnetic sublattices.  
This interpretation is supported by the negligibly small training effect in 
YMn4.4Fe7.6, where EB field decreases only 0.16 % during the first 5 consecutive field 
cyclings at 5 K after FC from 300 K with Hcool = 50 kOe, just like what Fig 3(a) insert 
shows. In FM/AFM heterostructures, the training effect is originated from the heat 
activated fluctuations in the FM-AFM exchange coupling, which modify the magnetic 
interactions between differently coupled regions with each reversal [30-32]. For a 
system with high homogeneity, all AFM spins act like one macroscopic spin and 
show no fluctuation. Consequently, there can be only two states in this system, all 
AFM spins contribute to the EB or no AFM spins contribute to the EB. Thus, the 
training effect, a state that only a part of the AFM spins contribute to the EB, will be 
absent in this system. The negligibly small training effect well supports the proposed 
highly homogenous inter-sublattice exchange coupling mechanism for the EB in this 
system. 
In order to establish a comprehensive picture of the above results, the 
YMn12-xFex alloys were considered as a single-phase magnet that consists of two 
magnetic sublattices: one with AFM structure and another with FM structure. The 
spin configuration is therefore similar to that of an artificial FM/AFM superlattice. 
According to neutron diffraction data refinement, the magnetic structure of the 
YMn4.4Fe7.6 is presented in Fig 5(a). The result is similar to what has been described 
previously [24-25]. The magnetic interactions between Mn-Mn, Fe-Fe and Mn-Fe are 
AFM, FM and AFM, respectively. Fe and Mn atoms prefer to occupy 8f and 8i sites, 
respectively, while they randomly distribute on the 8j site. Due to the single phase 
character of YMn4.4Fe7.6, the FM/AFM interface can exist between different magnetic 
sublattices. It can be seen from Fig.5(a), YMn4.4Fe7.6 forms two sets of magnetic 
lattices: Mn atoms on 8i sites give rise to the AFM coupling magnetic sublattice (blue 
atoms); Fe atoms on 8f sites give rise to the FM coupling magnetic sublattice (red 
atoms). Mn and Fe atoms on 8j site form the “AFM/FM interface”, which leads to 
AFM interaction between 8j-8i sublattices, and AFM or FM interaction between 8j 
and 8f sublattices with Mn or Fe occupying on 8j site, respectively. Due to the fact 
that 8j site can be occupied by Fe or Mn atoms evenly, the stoichiometry of Fe 
content directly affects Fe and Mn ratio at the interface, and subsequently influences 
the exchange coupling interaction between AFM and FM. With the increase of Fe 
content, the 8j sites (interface) becomes FM dominated and may lead to smaller HE 
and HC due to weaker pinning effect of the interface layers. This is confirmed by the 
results in Table I, where different degrees of EB effect were observed in the samples 
with different Fe contents. 
According to the above discussion, each sublattice of RMn12-xFex can be viewed 
as a single spin due to its high homogeneity. The generalized Meklejohn-Bean (M-B) 
model was adopted to explain the EB in RMn12-xFex compounds, which consists of 
AFM (Mn atoms from 8i site and 8j site), FM (Fe atoms from 8f site and 8j site). The 
energy of the system is given by [33] 
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where and  are externally applied magnetic field and saturation 
magnetization of FM(AFM) layers, respectively.  is effective uniaxial 
magnetic anisotropy constant of FM(AFM) layer,  is the exchange coupling 
between the FM and AFM layers, while , ,  and  are the azimuth angles 
of , , uniaxial anisotropy axis of FM and uniaxial anisotropy axis of 
AFM with respect to the applied magnetic field direction, respectively, as the Fig. 5(b) 
shows. 
As we know, the temperature dependence of EB is relevant to thermal 
instabilities of the AFM interfacial magnetization [34]. According to the Néel-Brown 
relaxation theory, the Néel relaxation time  of the AFM magnetization should be 
 (2) 
Then, the contributions to the EB effect from increasing temperature in our 
experiment can be analogous to that from the decreasing antiferromagnetic anisotropy 
 in our calculation model with the relation of .  
According to Eqn. (1), the hysteresis loops with different  are calculated 
and are plotted in Fig. 5(c). The obtained coercivities HC and the EB fields HE are 
shown as the function of in Fig. 5 (d) and (e). In the calculation, we have 
assumed a collinear alignment of the anisotropy axes and the external field. All the 
parameters are dimensionless with MFM = 1 and MAFM = 0.5MFM, KF = 0.1MFM, Hmax = 
2MF, JFM-AFM = -4MFM. The antiferromagnetic anisotropy KAFM changes between 500 
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As can be seen from Fig. 5(d) and (e), the calculated results, especially the 
sudden switching on of the EB field and the sudden switching off of the coercivity at 
low temperatures, agree very well with the experimental data (Fig. 4). When the 
temperature is lower than 20 K, the anisotropy of the antiferromagnetic spins is so 
large that the AFM spins remain in their original configuration while the FM spins 
rotate with the external magnetic field. This will give a loop shift of the ferromagnetic 
spins due to the unidirectional pining from the antiferromagnetic spins. However, 
when the temperature is higher than 20 K, the antiferromagnetic spins begin to rotate 
with the ferromagnetic spins under the interfacial exchange coupling due to the 
decrease of antiferromagnetic anisotropy KAFM with the increasing temperature. Then, 
the bidirectional pining from the antiferromagnetic spins will give an enhancement in 
the coercivities of the ferromagnetic spins. The sharpness of the switching process in 
the experimental results indicates the homogeneity of the FM-AFM interface, 
corresponding to the special global inter-sublattice coupling in YMn4.4Fe7.6.  
 
Conclusions  
Tunable giant EB effect in a family of rare earth-transition metal intermetallic 
compounds YMn12-xFex (x = 6.6-8.8) was observed, resulting from a competing 
magnetic interaction among ferromagnetic (FM) and antiferromagnetic (AFM) 
sublattices. A maximum EB with a loop shift up to 6.1 kOe has been revealed in this 
single-phase bulk alloy YMn4.4Fe7.6. The EB field remains almost unchanged at 
temperatures below 20 K, but shows a sudden switching off in the temperature range 
of 25~30 K, where the coercivity shows a sudden switching on and a subsequent slow 
decrease. The calculating results of the theoretical model show an excellent agreement 
with the experimental result of this unique temperature dependence of EB. This 
indicates that the large exchange anisotropy originates from the highly homogenous 
exchange interaction between Fe-rich and Mn-rich sublattices.  
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Figure Captions 
 
FIG. 1 The magnetic phases diagram of the YMn12-xFex (6.0≤x≤8.8) under a magnetic 
field of 1 kOe. TC (blue circle) represents the Curie temperature, TN (red triangle) is 
the Néel temperature, and Tf (black square) is the temperature corresponding the 
bifurcation point in the zero field cooling and field cooling magnetization curves. PM, 
AFM, FM and SG are represent paramagnetic, antiferromagnetic, ferromagnetic and 
spin glass phases, respectively. 
 
FIG. 2 (a) M-T curves of YMn4.4Fe7.6 alloy measured under H = 100 Oe after ZFC 
and FC, (b) M-H hysteresis loops at 5 K for YMn4.4Fe7.6 under different cooling fields, 
(c) The dependence of the EB on the cooling magnetic field Hcool at 5 K. (d) The real 
part χ′ of ac susceptibility curve of YMn4.4Fe7.6 at different frequencies with ac 
magnetic field of 10 Oe after ZFC from 300K. The inset shows the enlarged scale 
around 130K.  
 
FIG. 3 The hysteresis loops of YMn4.4Fe7.6 after field cooling under 10 kOe at 
temperatures of (a) 5-28 K (the inset shows the training effect HE at 5K) and (b) 
28-100K. 
 
FIG. 4 Temperature dependence of (a) HL, HR and (b) HC, HE of YMn4.4Fe7.6 alloy at 
5 K after FC with 10 kOe. 
 FIG. 5 (a) The schematic magnetic structure of the YMn4.4Fe7.6 compound (top view 
along c axis). (b) Schematic diagram of angles involved in the theoretical model. (c) 
The calculated magnetic hysteresis loops as a function of . (c) The obtained HL, 
HR, HC and HE as functions of 
1
AFMK
 .  
  
AFMK
  
Table I: The magnetic properties of the YFexMn12-x alloys (6.0 < x < 8.8). 
 
HC 
（Oe） 
HEB 
（Oe） 
HC 
（Oe） 
HEB 
（Oe） 
Cooling field 0 Oe 0 Oe 1 kOe 1 kOe 
YFe8.8Mn3.2 -- -- 164 58 
YFe8.4Mn3.6 132 0 114 663 
YFe8.2Mn3.8 222 0 60 1483 
YFe8.0Mn4.0 979 0 409 1934 
YFe7.8Mn4.2 823 0 284 2489 
YFe7.6Mn4.4 85 0 81 5956 
YFe7.4Mn4.6 27 0 23 5180 
YFe7.0Mn5.0 9889 2802 9821 2876 
YFe6.6Mn5.4 7429 641 7496 660 
YFe6.0Mn6.0 -- -- 472.5 76.5 
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